INTRODUCTION
Nuclear resonance vibrational spectroscopy (NRVS) has become a staple technique in the study of M€ ossbauer-active isotopes since its inception 2 Current address: Department of Chemistry, Stanford University, Stanford, CA, United States.
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All rights reserved. https://doi.org/10.1016/bs.mie. 2017.11.002 over two decades ago (Seto, Yoda, Kikuta, Zhang, & Ando, 1995; Sturhahn et al., 1995) . The synchrotron-based technique has particularly enjoyed success with 57 Fe, stemming from favorable nuclear parameters that align with contemporary synchrotron technology. Originally, NRVS was used for materials sciences and enzyme model complexes, but in recent years the method has been expanded as a probe of metallocofactors in biological systems.
NRVS is uniquely suited for studying low-frequency Fe-based vibrational modes in biological systems and can solve questions of metal-ligand bond strength and ligand identity. Ultimately, the power of NRVS is derived directly from its specificity, selection, and sensitivity. Fe is ubiquitous in biological metallocofactors either as part of electron transfer or catalysis. Studying these cofactors with traditional vibrational spectroscopy, such as infrared (IR) or Raman spectroscopy, is impeded by the background created by the biomolecule proper or even fluorescence of the cofactor. As such, the extreme specificity of 57 Fe NRVS for only 57 Fe motion makes it the perfect tool to study vibrational dynamics of the critical Fe-containing components of biomolecules. Without contribution from the biological sample background, NRVS enjoys minimal spectroscopic noise; for example, modes of Fe hydrides within enzymes (Ogata, Kramer, et al., 2015; Reijerse et al., 2017) have been observed which are typically difficult to directly identify with other techniques (Kaesz & Saillant, 1972; Rosenberg, 1989) . The lack of conventional selection rules allows for 57 Fe NRVS to reveal both IR-and Raman-active modes that contain 57 Fe motion-thus providing a complete picture for Fe vibration.
NRVS is related to, and descended from, M€ ossbauer spectroscopy, which relies on disconnecting the vibrational motions from a M€ ossbauer nuclear excitation to learn about the electronic structure of the atom-a recoilless excitation (M€ ossbauer, 1958a, 1958b, 1959) . The logical antithesis of this idea was to realize and differentiate vibrational states that are created or annihilated upon nuclear excitation (Singwi & Sj€ olander, 1960; Visscher, 1960) . M€ ossbauer spectroscopy is achieved by mounting a decaying parent isotope to a velocity transducer to sweep an energy range by Doppler effect. When the energy matches a nuclear transition of the daughter isotope in the sample, a nuclear resonance excitation occurs. However, the energy resonances in 57 Fe M€ ossbauer spectroscopy are typically on the order of neV and vibrational quanta observed through NRVS are on the order of meV. This implies a Doppler-shifted source would need to move with a velocity 6 orders of magnitude faster than a typical 57 Fe M€ ossbauer experiment in order to perform 57 Fe NRVS which is widely considered impractical. To access the 57 Fe vibrational modes, a different source with high flux, high monochromation, and high tuneability is necessary. Fortunately, beamlines at third-generation high-energy synchrotron X-ray light sources meet these requirements and make NRVS possible (Wang, Alp, Yoda, & Cramer, 2014) .
MATERIALS
As described earlier, NRVS requires the use of a synchrotron radiation light source. Few synchrotron beamlines can accommodate the challenging NRVS requirements for flux, monochromation, and time-sensitive detection. As such, an NRVS experiment can only be performed by applying for beamtime at four synchrotron radiation light sources: The Advanced Photon Source (APS-http://www.aps.anl.gov), The Positron-Electron Tandem Ring Accelerator (PETRA-III-http://petra3.desy.de), The European Synchrotron Radiation Facility (ESRF-http://www.esrf.eu), and the Super Photon Ring-8 GeV (SPring-8-http://www.spring8.or. jp/en/).
Despite differences in synchrotron facilities, the principle setup of an NRVS experiment remains the same. Charged particles circulating at relativistic speeds within an ultrahigh vacuum (UHV) storage ring pass through a set of magnets called an undulator that generates a tangential beam of photons, called synchrotron radiation, that covers the energy of nuclear resonance (14.4 keV for 57 Fe). The "white light" beam (ΔE % 100 eV) travels down a UHV transport channel, with optics to aperture and focus the beam, toward the target beamline and is initially monochromated by a high heat load monochromator (ΔE % 1 eV). The incident light is then monochromated by a tuneable high-resolution monochromator (ΔE % 1 meV) composed of Si or Ge crystals. Finally, the beam interacts with the sample within a cryostat or cryojet stream.
After excitation, 57 Fe within the sample will relax either through direct nuclear relaxation (photon energy %14.4 keV photon) or internal conversion followed by, primarily, Kα emission (photon energy % 6.4 keV photon) with the internal conversion process favored 8:1. Both relaxation channels are relevant to NRVS and must be detected. The detection system is time resolved and designed to exclude early-time electronic scattering events while focusing on photons resulting from the 57 Fe relaxation (with a τ ¼ 141 ns). The sophisticated detection scheme is made possible by the nanosecond response avalanche photodiode (APD) detector analyzed by a constant fraction discriminator (CFD). Multiple "bunches," or groups, of particles within a storage ring are spaced throughout the period of the synchrotron such that photons arrive at the beamline in a periodic pulsed pattern (the parameters of which define a "bunch mode"). As such, t ¼ 0 must be defined to the CFD for each bunch-a process synchronized by the "bunch clock." The CFD then vetoes photon counts 10-20 ns around t ¼ 0-giving time for the APD to recover from the prompt (incident) pulse of photons and isolating the NRVS emission signal from electronic scattering. Collectively, the properly implemented setup typically allows for dark count rates of less than 5 Â 10 À3 per second. 4 ) can provide an avenue for integration to the protein or enzyme of interest. To study specific Fe atoms or clusters out of many within a protein-care must be taken to integrate 57 Fe by targeting steps in the enzyme maturation or reintroducing the enriched cofactor of interest to an unenriched apoprotein.
Although some variants exist, a typical 57 Fe NRVS sample cell for proteins has dimensions of 10 Â 3 Â 1 mm. These parameters take into account the dimensions of the synchrotron X-ray beam, the penetration depth of the beam, the solid angle projection from the sample to the APD, and the escape depth of the Fe emission following internal conversion. The cell is sealed liquid-tight with an adhesive tape and a port is available in the cell to inject sample solution, followed by subsequent freezing in liquid nitrogen. The cell and tape should be made from cryocompatible materials that do not interact with the sample nor the X-ray beam. A commonly used sample cell material is poly(methyl methacrylate) (often referred to by the eponym "Lucite") and a common tape material can be polyimide (eponymously "Kapton Tape"). When in doubt, materials can be checked for their X-ray transmission properties at http://henke.lbl.gov/optical_constants/filter2.html.
NRVS experiments for bioinorganic applications are often performed at cryogenic temperatures with the sample loaded onto a copper cold finger within a helium cryostat. Although, typically the nominal temperature reading in the cryostat may be near helium temperatures <10 K, the actual sample temperature can vary widely based on the sample properties and the solvents used to marry the sample cell to the cold finger. Due to favorable physical properties, particularly a melting point of 147 K, 1-propanol is considered one of the best mounting liquids (Wang, Yoda, Kamali, Zhou, & Cramer, 2012) . The true sample temperature can be obtained by fitting the ratio of phonon annihilation events to creation events using the PHOENIX software and can be approximated by a Maxwell-Boltzmann distribution. To ensure the temperature can be approximated, a standard NRVS spectrum is usually collected slightly below the elastic resonance at À180 cm À1 (annihilation of phonons), through the elastic resonance, and at energies higher than the resonance into the region of interest (creation of phonons) (Fig. 1) .
It is generally favorable to analyze the spectrum in terms of partial vibrational density of states (PVDOS) to isolate single phonon events and remove their energy dependence. Sturhahn created a program called PHOENIX that is the standard to convert raw NRVS data to PVDOS (among many other features not discussed here) (Sturhahn, 2000) using the Fourier-log method (Johnson & Spence, 1974) . The program can be downloaded from: http://www.nrixs.com/downloads.html. Alternatively, data can be converted and analyzed through a web-based graphical user interface for PHOENIX through http://www.spectra.tools/.
The transformation into PVDOS, which is proportional to the normal mode composition factors for 57 Fe, allows for a straightforward prescription to estimate the PVDOS intensity through normal mode analysis using density functional theory or other in silico methods; the normal mode composition factors and normal mode energies can be extracted from diagonalization of the Hessian force matrix used in typical computational normal mode analysis (Petrenko, Sturhahn, & Neese, 2008) . Fig. 1 A simplification of the NRVS processes. The green line and peak shape contain the recoilless M€ ossbauer transition that is beyond the resolving power of NRVS. The red and blue peaks correspond to phonon annihilation and creation, respectively-and the ratio of their intensity is temperature dependent.
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Calibration
The monochromator crystals are very sensitive to the experimental environment specifically temperature. As such, the proportion between expected energy and true energy of monochromation can vary between experiments. It is ideal to calculate a linear "calibration factor" for the monochromator using a secondary standard that has been analyzed using a technique with a reliable energy domain. (Fig. 2) .
Notably absent from the NRVS spectrum are the A 1 FedCl symmetric stretching mode and the E, FedCl symmetric bend as these modes do not contain Fe motion. A user need only collect an NRVS spectrum for (Et 4 N) 57 FeCl 4 and align the T 2 peaks to the previously calibrated positions with a linear factor and apply this factor to the energy axes of their subsequent spectra.
Interpretation of NRVS data generally involves fundamental vibrational analysis, particularly the practice of isotopic substitution, group theory, and empirical comparison to identify spectral features. A tool to assist in analysis, called Vibratz (Dowty, 1987) , allows the user to fit a Urey-Bradley forcefield to their spectrum based on a set of internal coordinate force constants. The user may also define the point group for the molecule of interest Fig. 2 The NRVS spectrum of (et 4 N) 57 FeCl 4 . The low energy intensity is related to lattice phonons and the features at 378 and 139 cm À1 can be approximated as T 2 modes in T d symmetry. The energies of these modes are used to calibrate NRVS spectra. Noticeably absent is the A 1 symmetric stretch as that mode does not involve 57 Fe motion.
to connect the irreducible representations of the point group to the features of the spectrum. This type of analysis may lead to new interpretations about the geometry of the molecule of interest when minimal structural data is available.
PROCEDURE
This procedural outline will describe a standard process of collecting and analyzing bioinorganic NRVS data using the spectra.tools website.
a. Obtain beamtime at one of the above listed synchrotron beamlines where NRVS is available. b. Follow established protocols to produce the enzyme of interest in an Fe-free media. c. Add 57 Fe as either a pure powder or salt to the media. d. Follow established protocols to purify the enzyme of interest.
i. A typical concentration goal is at least 1 mM of 57 Fe in the final NRVS sample, but this depends on the intensity of the signals of interest. e. Obtain a three walled 10 Â 3 Â 1 mm cell made of Lucite with an injection port milled through the top. f. Wrap the cell, liquid tight, in Kapton tape that is at most 1 mil in thickness. i. Take care to minimize and flatten the tape on the back of the cellas this will interfere with thermal contact to a cryostat cold finger. g. Inject the purified enriched enzyme into the cell.
i. For air-sensitive proteins, the sample should be injected into the cell anaerobically then immediately frozen in liquid nitrogen. h. If the synchrotron is not local, ship a dry, liquid nitrogen-cooled shipping dewar containing the sample(s) to the synchrotron. Then travel to the synchrotron. i. Assuming the cryogenics are already established at the beamline, at a nominal temperature of 110-120 K vent the sample space vacuum with helium and remove the cold finger housing. j. Apply 1-propanol to the cold finger surface. Generally, a thin layer is required to establish good thermal contact-too much will cause poor contact. k. Attach the NRVS cell to the 1-propanol on the cold finger, with attention paid that the "sample side" is "up" or in position to receive the incident X-ray.
l. Reattach the cold finger housing, turn off the venting gas, reestablish a vacuum in the sample space, and allow the cryostat to cool. m. At a nominal temperature of 10 K, begin data collection.
i. This step is beamline dependent, and the local beamline scientist should be able to assist. ii. If specific regions of the spectrum are of interest, the beamline scientist should be able to perform specialized region of interest scans. iii. As data workup later depends on the elastic region, even region of interest scans need to contain the elastic peak, but the acquisition time for the region of interest will be much higher. n. Once the data are satisfactory the sample may be switched following the steps above and after warming up to 147 K (e.g., for 1-propanol). If a thin even layer of 1-propanol was applied, most of it will come off with the sample cell-otherwise the surface may need to be cleaned slightly with a lab tissue. o. Depending on the beamline, there may be inhouse programs/methods to analyze data. Otherwise navigate a web browser to http://www. spectra.tools/. p. At the navigation bar toward the top, under the drop down menu for NRVS, click "NRVS Spectra Processing Tool." q. In the "Data Upload" window, select the data source type (supported currently: SPring-8, APS .mda files, and PETRA-III). Click "Choose Files" and navigate to the folder that contains the NRVS scan files-on most systems SHIFT + DRAG (or holding CTRL) can be used to highlight multiple files. Then select the submit button. r. A three-panel window will appear: i. The left panel (Parameters) allows the user to alter different NRVS-related parameters. By default, the parameters listed are the most commonly changed, but advanced parameters can be altered by clicking "Advanced Submit." ii. The central window displays the PVDOS spectrum-by popular demand it is displayed as a function of wavenumbers. The name of the final file processed is the title of the graph. The graph is zoomable and exportable to image formats. Error bars calculated by PHOENIX are shown and can be turned off by clicking "Error Bars." To obtain the complete data (including everything required by PHOENIX) the "Download" button in the left panel is used (Fig. 3) . Fig. 3 The output window of the spectra.tools NRVS data processing. Here, parameters (on the left) can be adjusted to achieve desirable statistics (on the right). The graph in the center can be exported in image formats and the data downloaded by the "Download" button in the parameters window.
iii. The right panel (Fit Results) indicates the results of the statistical analysis performed by PHOENIX. s. Once the spectrum is loaded, adjust the parameters on the left-hand side and resubmit the spectrum for analysis. i. First, ensure that the "Energy Scaling Factor" is appropriate. As mentioned earlier, this factor is determined by collecting the NRVS spectrum for a secondary standard particularly (Et 4 N) 57 FeCl 4 . The normal value ranges are from 0.92 to 1.10, are beamline dependent, and should be determined at least once during each NRVS beamtime. ii. Second, minimize the background contribution to the spectrum. This is achieved by increasing "Overall Data Background" until the signal in regions with no expected signal is minimized. iii. Third, alter the "Sample Temperature" until the "detailed balance" in the right hand "Fit Results" window is acceptable. t. Ideally, once all the "Fit Results" indicate a status of "OK" then the spectral parameters are acceptable. Occasionally this is an unattainable goal, especially at a very high number of scans or if there were significant changes in sample temperature during the experiment. In this case, each scan should be carefully examined. u. If everything is satisfactory click the "Download" button in the parameters window. A download of a compressed folder should begin. The file in the folder with the suffix *.dos will contain the final PVDOS.
APPLICATION
Rubredoxin
Rubredoxins are small electron transfer proteins. Rubredoxin from Pyrococcus furiosus is composed of 53 amino acid residues for nearly 6 kDa in mass. Electron transfer is handled by a single Fe redox center coordinated to four cysteinyl thiolates. The two redox states are formally Fe(II) and Fe(III). The simplicity and small size made rubredoxin an excellent early candidate for bioinorganic 57 Fe NRVS . The spectrum for the oxidized and reduced proteins is shown in Fig. 4 . There are three prominent features near 70, 150, and 360 for the Fe(III) site in the oxidized sample, and the high frequency features shift to 303 cm À1 upon reduction to Fe(II).
Naively speaking, the initial assumption is that the three features are analogous to the T d symmetry FeCl 4 modes discussed earlier (Fig. 2) . However, the broadening and obvious shouldering of the three distinct features in the spectrum (Fig. 4) indicate that interpretation under presumption of a perfect T d symmetry, as with (Et 4 N) 57 FeCl 4 , is not appropriate. To fit the internal coordinate force constants to the collected spectrum, it is effective to use a descent in symmetry (T d ! D 2d ! C 1 ) while increasing the complexity of the Vibratz model (Fe(SC) 4 ! Fe(SCC) 4 ! Fe(SCys) 4 ). For the final model incorporating four cysteines, Xiao and coworkers used the geometries from the pertinent crystal structures (reduced PDB: 1CAD (Day et al., 1992) and oxidized PDB: 1BQ8 (Bau et al., 1998) ). This iterative treatment allowed for a reasonable fit of the internal coordinate force constants. The results of modeling the NRVS spectra were a calculated 36% decrease in FedS bond force constant (1.24 vs 0.92 mdyne/Å ) upon reduction of the protein.
The Vibratz program also describes the motion of the components of the fitted spectrum. For the oxidized protein model, the broad region from 345 to 375 cm À1 is composed of three strong components at 375, 358, 350 cm
À1
and three weaker contributions at 365, 364, and 340 cm À1 that are principally described as FedS asymmetric stretching modes. The intensity in the region from 300 to 340 cm À1 arises from nearly symmetric FedS stretch modes-a consequence of the deviation from ideal symmetry. Due to much lower 57 Fe motion, the contributions in this so-called breathing region are approximately 10% that of the asymmetric stretch components. The area around 150 cm À1 is composed of nearly degenerate S-Fe-S bending modes.
The region between 100 and 150 cm À1 are assigned as Fe-S-C bending modes with mixing of S-Fe-S modes. Finally, the low energy region below 
cm
À1 appears analogous to the "lattice modes" described in 57 FeCl 4 ; however, they are more complex and involved significant dihedral, torsional, acoustic, and delocalized vibrational modes within the greater protein and can provide a measure on the degree of vibrational coupling between the cofactor and the protein matrix .
When the same analysis is performed for the reduced Fe center, the order of assignments still hold, but the stretching modes downshift by 18%. It is noteworthy that the symmetric mode centroids shift to approximately 270 cm À1 and start to mix with the bending modes leading to enhanced intensity throughout the 150-300 cm À1 region (Fig. 4) .
These results confirmed the delocalization of the dynamic properties of the redox-active Fe site which at the time was debated (Hiroshi, Takeo, Kaori, Akio, & Tatsuhiko, 1991) . Besides the broadness of the FedS stretch region in both redox states, the weaker FedS force constant in the reduced rubredoxin leads to even stronger coupling between the Fe site and the motion of the local protein environment, evidenced experimentally by increased intensity below 300 cm À1 . This work on rubredoxin laid the framework for a later NRVS and molecular dynamics study that revealed non-Rieske [2Fe2S] clusters can couple even more dramatically to the motion of their environment and possibly induce binding and release of redox partners (Xiao et al., 2008) .
[FeFe] Hydrogenase
The (Ogata, Kramer, et al., 2015; Ogata, Nishikawa, & Lubitz, 2015) , the consensus was that the intermediate hydride is terminally bound to the cofactor (Mulder, Guo, Ratzloff, & King, 2017) , and a direct vibrational observation was recently made for the FedH bond by NRVS (Reijerse et al., 2017 (Mulder et al., 2017) , provided an unambiguous determination of the FedH bonding moiety in the H hyd state. This work pushes the limits of the technique as hydridic modes normally involve 
